Geologic sequestration of anthropogenic carbon dioxide (CO 2 ) will be a necessary part of a carbon management strategy for reducing atmospheric CO 2 emissions so long as fossil fuels are a significant part of the energy mix. Proposed federal and state regulations for underground injection of CO 2 require that underground sources of drinking water be protected. Accordingly, proposed federal regulations require analysis of the suitability of different receiving formations for geologic sequestration.
INTRODUCTION
Geologic sequestration of anthropogenic CO 2 is one of a number of strategies for reducing CO 2 emissions to the atmosphere and thus for helping to mitigate anthropogenic climate change. It is part of the process of carbon capture and storage (CCS), in which CO 2 is captured from power plants or other anthropogenic sources, compressed to convert it to a relatively dense supercritical fluid, and delivered to the storage site. It is injected into a subsurface geologic receiving formation at sufficient depth (greater than ~2625 ft (800 m)) to maintain the CO 2 in a supercritical state. Natural subsurface accumulations of CO 2 , including many in Wyoming, show that the gas can be trapped for millions of years (Huang et al., 2007; lu et al., 2009 ).
Although in the long term it is anticipated that cleaner forms of energy will become competitive with energy from fossil fuels, in the near term geologic sequestration may be considered a bridging technology by which coal-rich nations such as the U.S., China, and India can continue to burn fossil fuels and limit CO 2 emissions to the atmosphere. According to the International Energy Agency (IEA), the least expensive approach to halve expected carbon emissions by 2050 would rely upon CCS to contribute almost 20 percent of the necessary cuts. As noted by Van Noorden (2010) , in order to achieve this target, the CCS industry must develop quickly; by mid-century, the volume of supercritical CO 2 that must be injected underground each year would be three times the current amount of petroleum extracted every year. This requires that the regulatory framework for CCS be established as soon as possible.
In 2008 the EPA proposed a new class of injection well, Class VI, under the authority of the Safe Drinking Water Act, that tailors existing Underground Injection Control (UIC) program standards for the geologic sequestration of CO 2 (40 CFR Part 144). The proposed rule outlines minimum technical requirements for geologic site characterization, well construction, operation, monitoring, and post-injection site care, among other criteria for Class VI. The purpose of both the proposed rule and the UIC program is to protect underground sources of drinking water (USDWs) from endangerment. USDWs are defined as an aquifer or a portion of an aquifer that currently supplies, or has sufficient capacity to supply, a public water system and contains less than 10,000 milligrams per liter (mg/l) total dissolved solids (TDS) .
Under the EPA proposed geologic sequestration rule, the requirements for obtaining a Class VI injection permit include compiling information on the geochemistry of formation fluids of potential receiving formations within the three-dimensional region that may be impacted by injection activity (i.e., area of review). Pre-injection geochemical data can serve as a baseline against which data obtained throughout the injection phase may be compared. The State of Wyoming has primary enforcement authority (i.e., primacy) for the UIC program; in Wyoming, permits for geologic sequestration of CO 2 will be issued by the Wyoming Department of Environmental quality (WDEq) according to its proposed Water quality Rules and Regulations, Chapter 24 (2010) , once primacy for Class VI wells has been delegated to the state by EPA. like the EPA rule, the WDEq proposed regulations require baseline geochemical data on subsurface formations, including all USDWs in the area of review.
Demonstration of safe geologic sequestration of CO 2 is a priority for the State of Wyoming because of its dependence upon revenues from the mineral industry. As the producer of 40 percent of the nation's coal, Wyoming has a particular interest in minimizing CO 2 emissions, because coal-fired power plants emit 78 percent more CO 2 per unit of energy than natural gas-fueled plants. Paleozoic saline aquifers in southwestern Wyoming are promising targets for geologic sequestration. Two large geologic structures that have the potential to store commercial amounts of CO 2 in these formations are the Rock Springs Uplift and Moxa Arch (Fig. 1) . The Rock Springs Uplift is an intra-basinal, laramide-age basement uplift within the Rocky Mountain foreland that is flanked to the south by the east-west-trending Uinta Mountains (Mederos et al., 2005) . The Moxa Arch is a ~190-km-long, north-south-trending anticline, bounded on the south by the Uinta Mountains and over-ridden in the north by the leading edge of the Wyoming Thrust Belt (kraig et al., 1987; Stillwell, 1989) . Preliminary characterization of the Bighorn and Madison carbonate formations, as well as the Tensleep/Weber and Nugget Sandstone formations at the Rock Springs Uplift and Moxa Arch indicates that they lie at depths and pressures for which CO 2 will be supercritical, and they appear to have the appropriate thickness, reservoir properties, overlying low-permeability lithofacies, and structural integrity to be good candidates for CO 2 storage. The storage units are overlain by a series of shales and other sealing lithologies that are necessary to ensure CO 2 will be contained. These geologic sites are also adjacent to several significant point source emitters of anthropogenic CO 2 , including PacifiCorp's Jim Bridger power plant at Point of Rocks on the Rock Springs Uplift and ExxonMobil's Shute Creek natural gas processing facility on the Moxa Arch.
The objective of this study is to compile preinjection baseline geochemical data for water from four potential receiving formations in the Greater Green River Basin of southwestern Wyoming: the Ordovician Bighorn Dolomite, Mississippian Madison limestone, Pennsylvanian Tensleep/Weber Sandstone, and Jurassic Nugget Sandstone. These data are used to identify the geochemical character of the water in these formations, the variability of water geochemistry within each formation across the study area, and whether or not these aquifers meet the criteria of USDWs. Data were collected from different sources available in the public domain, including the U.S. Geological Survey and the Wyoming Oil and Gas Conservation Commission.
GEOLOGIC BACKGROUND
The Moxa Arch and Rock Springs Uplift lie within the Greater Green River Basin located in southwestern Wyoming and northwestern Colorado M. S. SMITH, S. SHARMA, T. B. WyCkOFF, AND C. D. FROST ( Fig. 1) ). The uplift is characterized by its asymmetric, west-vergent, antiformal shape and doubly plunging geometry. Seismic data suggest that a high-angle, west-vergent reverse fault occurs under the steeper western flank of the anticline and that basement is involved in the uplift (Bradley, 1964; Garing and Tainter, 1985; Montgomery, 1996) . The uplift displays 14,800 ft (~4.5 km) of structural relief relative to the surrounding basins ( Fig. 2 ; Montgomery, 1996) . Four geologic formations appear to be the best candidates for CO 2 storage because they may have appropriate porosity, permeability, and capacity to hold large quantities of CO 2 , they are overlain by thick shales and other sealing rock types, and they lie at sufficient depth to store CO 2 as a supercritical fluid. These are the Nugget Sandstone, Tensleep/ Weber Sandstone, Madison limestone, and Bighorn Dolomite (Fig. 3) .
The Jurassic Nugget Sandstone is a major eolinite that, along with its probable equivalents such as the Navajo Sandstone, spans an area from northern Wyoming southward into Arizona and eastward into Colorado. In the Utah-Wyoming thrust belt, the Nugget is texturally heterogeneous with anisotropic reservoir properties inherited primarily from the eolian depositional environment (lindquist, 1988) . Nugget dune deposits primarily consist of grain-flow and wide-ripple cross-strata, the former of which have the better reservoir quality and the lesser heterogeneity in bedding texture. The thickness of the Nugget Sandstone in southwestern Wyoming varies from around 800 to 1000 ft (240 to 305 m), and porosity is variable (Table 1; Johnson, 2005) . low-permeability, gouge-filled micro-faults compartmentalize the formation, whereas intermittently open fractures provide effective permeability paths locally (lindquist, 1988) .
The Pennsylvanian Tensleep/Weber Sandstone was deposited in a marginal-marine setting of low relief where coastal dunes, marine foreshores and shorefaces, and carbonate shoals shifted positions in response to minor changes in sea level and sediment supply; this fluctuation of environments resulted in a complex package of interfingering lithofacies (Johnson, 2005) . The sandstone is called Tensleep throughout much of Wyoming, although it is referred to as the Weber at oil and gas fields on the east side of the Rock Springs Uplift and the Sand Wash Basin. The Weber is approximately equivalent stratigraphically to the Tensleep Sandstone, but the upper part of the Weber is younger than the Tensleep (Johnson, 2005) . Numerous dolomite layers exist throughout the Tensleep/Weber Formation, some as much as 12 ft (4 m) thick. The intervening thick bodies of quartz sand exhibit prominent crossbedding, some sets more than 50 ft (15 m) thick, as well as distinctive intervals of large-scale contorted bedding (Boyd, 1993) . The formation contains linear and barchan dunes as well as interdunal deposits. The thickness of the formation is highly variable and depends on specific location, but most geologists report an average of about 500-700 ft (150-215 m) ( (Zenger, 1996) . Sweet (1979, p. 46) describes the lower part of the Upper Ordovician western midcontinent succession as characterized by "…thick-bedded to massive, burrow-mottled skeletal wackestone and packstone, which, in many parts of the area studied have been altered to microcrystalline dolomite with little indication of original limestone fabric." Water quality data from this unit in the Green River Basin are sparse because relatively few wells penetrate this deepest formation.
GEOCHEMICAL DATA
The geochemical data used in this study were compiled from two online sources: the Wyoming O i l a n d G a s C on s e r v a t i on Commission (http://wogcc.state. wy.us/) and the United States Geological Survey (http://energy. cr.usgs.gov/prov/prodwat/data. htm). Average data for each formation is presented in Table 2 ; the complete data set are provided in Appendix 1.
Geochemical variation Piper d ia g ra m s were cre ated w it h AqqaChem software (version 1.1.1) from RockWare from the compiled water quality data (Figs. 4-7; Appendix 1). Average water quality for each formation is presented in Table 2 . Data for the Nugget, Tensleep/Weber, and Madison Formations are plotted spatially (Figs. 8-10 ) and contoured using kriging, an interpolation method based on statistical models that use spatial autocorrelation. This method assumes that distance and direction between sample points ref lects a spatial correlation that can be used to explain variation in the surface. Inspection of the maps reveals that the distribution of data points has a profound effect on the resulting surfaces. With well sample locations distributed sporadically and centering on certain fields, the results skew when a single input point influences the resulting prediction surface.
The waters in this study from the Nugget Sandstone are dominantly Na + -Cl⁻ plus a few samples of Ca 2+ -Cl⁻ type (Fig. 4) . The TDS of Nugget Sandstone waters are highly variable, ranging from 100 to >100,000 TDS (Appendix 1). The waters from the Tensleep/ Weber Sandstone are dominantly Na + -Cl⁻ to Ca 2+ -SO 4 ⁻ type, with TDS values >10,000 mg/l in the majority of the basin ( Fig. 5 ; Appendix 1). The waters from the Madison limestone are predominantly Na + -Cl⁻ type with a few samples trending to Ca 2+ -SO₄⁻ type (Fig. 6 ). In the majority of the basin, the TDS values are >10,000 mg/l (Appendix 1). On the basis of very limited data, the waters from the Bighorn Dolomite appear to be Na + -Cl⁻ type, and TDS values are variable, with three samples >18,000 mg/l and four samples <6000 mg/l ( Fig. 7 ; Appendix 1).
DISCUSSION
The potential receiving formations in the Greater Green River Basin can be divided into two major types: the sandstone 
he f i nd i n g s i nd ic a t e t h a t reactions with
Ca/Mg/Fe-bearing silicate minerals neutralize the acidic CO 2 and provide alkali metals that trap the CO 2 through the precipitation of carbonate (Gunter et al., 1997 (Gunter et al., , 1999 Saylor et al., 2001; Hovorka et al., 2001 ). However, these chemical processes are very slow because of the low chemical reaction rates of the clay and feldspar minerals involved in the reactions. Injection of CO 2 into a sandstone reservoir like t he Tensleep or Nug get Sandstone may initiate similar kinds of chemical reactions and utilize the buffering power of aluminosilicate reactions to take up the CO 2 through production of bicarbonates. However, the sandstone thickness, seal strata, grain size, permeability, porosity, and the mineralogy of these sandstones will be the prime determinants of their geologic sequestration potential. Mineralogy is important because the proportion of reactant CO 2 to the proportion (Fox et al., 1975; knapp, 1978 (Gunter et al., 1993) . In both sandstone and carbonate reservoirs the reactions with minerals in the formation are hypothesized to be much slower than reactions with formation water. Therefore, the sequestration resulting from simple CO 2 -water interaction is more important on short time scales (Gilfillan et al., 2009) . This is mainly because the dissolution of injected CO 2 into formation water produces carbonic acid (H 2 CO 3 ), which forms large sinks of CO 2 and initiates other water-rock reactions. The chemical composition of water is important because the solubility of injected CO 2 will be controlled by concentrations of Na + , k + , Ca 2+ , Mg 2+ , Cl -, and SO 4 -in the formation water (Duan and Sun, 2003; Chapoy et al., 2004; Duan et al., 2006) .
Spatial variability of water quality data
The water quality data for the Nugget Sandstone show spatial variability, as displayed in the TDS geospatial map (Fig. 8) . Areas of low TDS indicate potential recharge zones, both along basin margins and in the Rock Springs Uplift area in the central part of the basin. The inferred rock fracture permeability in the Nugget Formation is considered high in the Rock Springs Uplift region (Clarey, 2008) , and this could possibly account for the fresh water recharge in the central parts of the basin. It appears that the majority of Nugget wells in the Rock Springs Uplift are near surface faults (Fig. 1) , which may provide conduits for fresh water recharge. If true, then the Nugget Sandstone may be a poor receiving formation for CO 2 storage in the Rock Springs Uplift because of the potential for leakage along these pathways.
Water quality data for the other formations studied suggest recharge is limited to the basin margins. The Tensleep/Weber waters with <10,000 mg/l TDS are present along the eastern edge of the basin and probably represent areas of fresh water recharge near the Rawlins and Sierra Madre-Park Uplift (Fig.  9) . These waters also have low concentrations of Na BASElINE GEOCHEMICAl CHARACTERIZATION FOR GEOlOGIC SEqUESTRATION TDS waters characterize areas receiving fresh water recharge near the eastern and northwestern parts of the basin (Fig. 10) . These recharge zones are present in parts of the basin where the Madison limestone is exposed at or near the surface, such as areas surrounding the Rawlins Uplift in the northeastern part of the basin and the overthrust belt in the northwestern part of the basin. In both Tensleep/Weber Sandstone and Madison limestone, the Na + -, Cl⁻-, and SO 4-concentrations and TDS values tend to increase with increasing distance from recharge areas toward the basin margin. The presence of briny Na + , Cl⁻, and SO 4--rich waters in the deeper central part of the basin indicate that halite and gypsum/anhydrite dissolution was probably an important source of salinity in these formations in addition to, or instead of, evaporated seawater. Bighorn Dolomite water quality data are limited to the western edge of the Green River Basin, where TDS values are variable. Because the data include some high TDS values even on the basin margins, then as was true for the overlying Madison and Tensleep aquifers, it is likely that TDS will exceed the definition of a USDW in the Bighorn Dolomite in the middle of the basin. Therefore the Bighorn Dolomite should be considered a viable target for geologic sequestration along with the other Paleozoic target formations.
The data compiled in this study indicate that the Tensleep/Weber Sandstone, Madison limestone, and probably also the Bighorn Dolomite, contain water too saline to meet the definition of a USDW except near recharge zones along basin margins. The Nugget Sandstone also exceeds the definition of a USDW except along basin margins and on most of 
CONCLUSION
To assess the long-term CO 2 storage potential of any geological formation it is important to develop a good understanding of these CO 2 -water-rock interactions. In order to develop accurate models it is necessary to have baseline chemistry information on the formation waters and rocks into which CO 2 is proposed to be injected. Field experiments are difficult to implement due to the long timescales of these reactions and challenges associated with the sample accessibility. laboratory experiments and numerical and geochemical models are commonly used for predicting the fate of these CO 2 -water-rock interactions. The preliminary geochemical data generated in this study can be used to characterize the chemical composition of formation waters and help to develop realistic geochemical models for these target formations.
Geologic sequestration should be considered in regions where TDS values of brines are greater than 10,000 mg/l and where baseline water quality data are available so that potential chemical reactions between CO 2 , the reservoir host-rock, and brines may be modeled and understood. Based on the available geochemical data in this study, the Madison limestone and Tensleep/Weber Sandstone waters meet the EPA Class BASElINE GEOCHEMICAl CHARACTERIZATION FOR GEOlOGIC SEqUESTRATION VI requirements for injection in the majority of the Green River Basin. Although water quality data are sparse, the Bighorn Dolomite most likely also exceeds the EPA definition of a USDW. On the other hand, the water quality data for the Nugget Sandstone suggest that groundwater from this formation is below 10,000 mg/l TDS and meets the definition of a USDW on much of the Rock Springs Uplift. TDS on the uplift are variable; this variability may be related to proximity to faults, which may serve as conduits for recharge. The apparent higher fracture permeability for formations nearest the surface suggests caution is appropriate when considering younger units like the Nugget Sandstone for geologic sequestration.
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